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Summary 

This  report  presents  a  new  approach  for  analyzing  acceleration  response  motions  of  high¬ 
speed  planing  craft  in  waves.  These  motions  are  of  interest  because  a  broader  awareness  and  a 
better  understanding  of  cause  and  effect  physical  relationships  in  high-speed  wave  impacts  could 
be  applied  in  craft  design  or  comparative  craft  system  evaluations  to  address  multiple  factors 
associated  with  seaworthiness,  including  hull  design  loads,  stability,  component  ruggedness,  and 
crew  or  passenger  comfort  and  safety. 

A  new  deterministic  analysis  methodology  is  presented  that  characterizes  the  rigid-body 
responses  of  a  craft  in  terms  of  acceleration,  velocity,  displacement,  and  rotation  motions  during 
each  wave  slam  event.  Time-history  comparison  plots  of  various  individual  wave  impact  events 
are  presented,  new  wave  impact  parameters  and  types  of  impacts  are  defined,  and  the  results  of 
regression  analyses  are  presented.  Typical  full-scale  acceleration  data  presented  in  the  report 
indicates  that  individual  wave  encounters  can  be  defined  and  categorized  according  to  wave 
impact  sequence  of  events,  and  that  the  peak  rigid  body  accelerations  vary  linearly  with  defined 
parameters  for  subsets  of  wave  slams.  The  limitations  of  these  results  are  summarized  and 
further  research  is  suggested  for  achieving  a  broader  level  of  knowledge  for  future  applications. 


Introduction 


Background 

Reference  1  presents  a  summary  of  lessons  learned  from  historical  stochastic  analysis 
methods  that  transition  the  randomness  of  ocean  waves  and  full-scale  trials  data  to  useful  average 
peak  acceleration  values.  In  reference  2  a  four-step  process  was  recommended  as  a  standard 
approach  for  computing  the  average  of  the  l/nth  highest  acceleration  when  analyzing 
accelerometer  data  recorded  during  full  scale  or  model  scale  trials  of  small  craft.  Three  criteria 
were  presented  that  preclude  the  subjectivity  of  classical  peak-to-trough  methods,  and  lead  to 
consistent  results  by  different  researchers  across  multiple  organizations.  The  three  criteria 
included  low  pass  data  filtering  at  10  Hz,  a  peak-to-trough  vertical  threshold  equal  to  the 
acceleration  record  RMS  value,  and  a  peak-to-trough  horizontal  threshold  equal  to  0.5  seconds 

Current  hull  design  methodologies  and  seakeeping  criteria  are  based  on  the  solid 
foundation  of  understanding  related  to  the  randomness  of  ocean  waves.  It  is  envisioned  that 
previous  stochastic  methods  coupled  with  the  new  analysis  approach  presented  in  this  report  will 
help  researchers,  designers,  engineers,  builders,  and  operators  increase  their  awareness  and 
understanding  of  the  dynamics  of  high-speed  wave  impacts  for  planing  hulls.  The  increased 
awareness  and  understanding  could  have  broad  applications  for  improved  standard  processes, 
including  structural  design,  correlation  with  computational  modeling  and  simulation 
methodologies,  correlation  of  full-scale  and  scale-model  test  data,  comparative  evaluations  of 
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different  craft,  and  development  of  criteria  for  improved  ruggedness  and  personnel  comfort  and 
safety. 


Deterministic  Analysis  Approach 

A  deterministic  analysis  approach  is  one  that  assumes  that  relationships  in  a  physical 
system  involve  no  randomness  in  the  development  of  a  future  state.  These  approaches  typically 
yield  mathematical  equations  that  produce  the  same  output  for  a  given  set  of  starting  conditions. 
An  interesting  example  that  illustrates  the  transition  from  stochastic  to  deterministic  approaches 
is  Savitsky’s  original  equation  relating  average  peak  acceleration  to  significant  wave  height  and 
craft  speed  (reference  3). 
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/  3 


-0.084 
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(V2) 

10_ 

U  J 

Equation  (1) 


where: 


a Cg  -  average  peak  vertical  acceleration  at  CG 
Hin  -  significant  wave  height 
V  -  craft  speed 
b  -  beam 


t  -  trim 

B  -  deadrise  angle 


The  term  C  is  a  constant  times  the  length-to-beam  ratio  divided  by  the  beam  loading 
coefficient. 

Equation  (1)  presents  a  relationship  between  initial  condition  parameters  such  as  craft 
structural  dimensions,  significant  wave  height,  and  craft  speed,  to  predict  an  outcome,  in  this 
case  the  average  of  all  the  peak  accelerations  observed  during  a  given  time  period.  This  equation 
leads  to  an  interesting  scaling  relationship  when  you  consider  the  same  craft  operating  at 
different  speeds  in  different  significant  wave  heights.  By  dividing  equation  (1)  by  itself  for 
different  sea  state  and  speed  conditions  “i”  and  “j”,  we  obtain  the  following  approximate  scaling 
relationship. 


a  . 
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~v\ 

a  ■ 
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V  Hl/3j  / 

V2j_ 

Equation  (2) 


Equation  (2)  indicates  that  the  ratio  of  the  acceleration  responses  is  in  direct  proportion  to 
the  ratios  of  the  potential  and  kinetic  energies  associated  with  conditions  i  and  j.  This  suggests 
that  a  cause-and-effect  relationship  may  exist  not  only  for  an  average  of  many  waves,  but  for 
response  amplitudes  of  individual  waves  as  well. 
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Figure  1 .  Vertical  Acceleration  at  LCG  of  a  36  Foot  Craft 


Typical  Acceleration  Data 

Figure  1  presents  the  typical  unfiltered  acceleration  time  history  originally  reported  in 
reference  1 .  All  data  plots  shown  in  this  report  were  extracted  from  this  time  history.  It  was 
recorded  at  the  longitudinal  center  of  gravity  (LCG)  in  the  vertical  direction  during  trials  of  a  36- 
foot  craft.  Craft  speed  was  28  knots  and  the  significant  wave  height  was  4.4  feet  during  the  trials. 
The  average  wave  period  at  the  test  site  was  3.7  seconds.  The  data  was  sampled  at  a  rate  of  5 12 
Hz.  A  240-second  time  period  is  shown  for  illustration  purposes. 

The  stochastic  analysis  approach  presented  in  reference  2  provided  the  following 
information.  A  frequency  analysis  was  performed  and  the  data  was  processed  using  a  10  Hz  low 
pass  filter  to  estimate  the  rigid  body  responses  of  the  craft.  The  RMS  acceleration  of  the  filtered 
record  is  0.62  g.  One-hundred  fifty  one  peaks  greater  than  the  RMS  value  were  counted.  The 
largest  peak  rigid  body  acceleration  was  5.3g,  and  the  average  of  the  l/10th  highest  accelerations 
was  3.2g.  Figure  2  presents  the  counted  peaks  in  histogram  format.  Figure  3  shows  a  typical  plot 
with  all  the  peak  accelerations  for  the  different  wave  slams  plotted  largest  to  smallest,  and  Figure 
4  shows  the  cumulative  distribution  for  all  the  peaks  with  average  of  the  highest  l/3ld,  1/1 0th,  and 
1/1 00th  peak  accelerations  computed  using  the  standardized  method  presented  in  Reference  2. 
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Figure  2.  Planing  Craft  Peak  Acceleration  Histogram 


4 


NSWCCD-23-TM-20 12/05 


Characteristics  of  Individual  Wave  Slams 


Individual  Wave  Slam  Events 

A  wave  slam  is  a  violent  impact  between  a  craft  and  an  incident  wave  (reference  2),  but  not 
all  wave  encounters  necessarily  result  in  wave  slams.  The  term  “violent”  is  subjective,  and  what 
may  be  violent  or  significant  for  one  application  (or  one  craft  occupant),  may  not  be  for  another. 
For  this  discussion  a  definition  in  general  terms  is  sufficient.  Figure  3  presents  a  30-second 
segment  of  the  10  Hz  filtered  acceleration  record  to  show  numerous  individual  wave  slams.  For 
example,  there  are  six  wave  slams  observed  in  the  figure  that  have  peak  accelerations  greater 
than  2.0g,  with  numerous  small  amplitude  peaks  less  than  l.Og. 

The  red  curve  in  Figure  5  is  the  measured  vertical  acceleration  at  the  LCG  of  the  craft,  and 
the  green  curve  is  the  acceleration  recorded  in  the  longitudinal  (fore-aft)  direction  at  the  same 
location.  The  amplitudes  and  the  pulse  shapes  for  both  vertical  and  longitudinal  responses  appear 
to  be  random  with  little  or  no  discemable  patterns  of  repetition.  Before  pursuing  a  more  detailed 
discussion  of  the  individual  pulse  shapes,  a  review  of  a  typical  wave  slam  sequence  of  events 
will  be  beneficial. 


Time  (sec) 


Figure  5.  Individual  Wave  Encounters  and  Wave  Slam  Events 
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Sequence  of  Events 

Figure  6  illustrates  the  sequence  of  events  in  a  typical  wave  slam  event  in  the  planning 
regime.  The  top  curve  is  one  of  the  individual  un  filtered  acceleration  time  histories  extracted 
from  the  vertical  acceleration  time  history  shown  in  Figure  1  for  a  wave  slam  event  roughly  66 
seconds  from  time  zero.  The  middle  curve  is  the  velocity  time  history  obtained  by  integrating  the 
acceleration  curve,  and  the  bottom  curve  is  the  integral  of  the  velocity  to  show  the  absolute 
vertical  displacement  of  the  craft  at  the  LCG.  These  curves  characterize  the  vertical  rigid  body 
motion  of  the  craft  which  includes  contributions  from  both  heave  and  pitch  responses. 

At  time  A  the  minus  0.9  g  vertical  acceleration  indicates  a  condition  very  close  to  a  gravity 
free-fall  phase.  The  relatively  constant  minus  0.9  g  from  time  A  to  time  B  and  the  linear  decrease 
in  velocity  suggests  that  the  craft  is  rotating  downward  with  the  stern  in  the  water.  The  drop  in 
height  from  time  A  to  B  is  then  a  combination  of  heave  and  pitch  motions. 

At  time  B  the  craft  impacts  the  incident  wave,  the  velocity  reaches  a  minima  and  changes 
rapidly  to  an  increasing  value,  and  the  force  of  the  impact  is  seen  as  an  almost  instantaneous 
jump  to  a  maximum  acceleration  (the  beginning  of  the  acceleration  spike).  In  this  example  the 
peak  acceleration  is  achieved  on  the  order  of  0.07  seconds  after  initial  wave  impact. 

From  time  B  to  time  C  the  craft  continues  to  move  down  in  the  water,  the  velocity 
approaches  zero,  and  the  acceleration  decreases  rapidly  toward  a  value  of  approximately  1 .0  g. 
The  decreasing  acceleration  is  characteristic  of  an  impact  event  whose  initial  large  peak  force  is 
decreasing  to  an  ambient  value.  The  time  period  from  point  B  to  point  C  is  on  the  order  of  0.15 
seconds. 

At  time  C  the  downward  motion  of  the  craft  reaches  maxima,  and  the  instantaneous 
velocity  is  zero,  but  forces  due  to  buoyancy,  hydrodynamic  lift,  and  components  of  thrust  and 
drag  combine  to  produce  a  net  positive  force  upward.  The  impact  event  is  complete  at  time  C  and 
the  craft  motion  is  now  dominated  by  wave  interaction  forces. 

From  time  C  to  D  the  combined  forces  of  buoyancy  and  hydrodynamic  effects  continue  to 
push  the  craft  upward,  but  the  net  force  (and  the  acceleration)  approaches  zero.  The  hull  is  still  in 
the  water  but  gravity  is  rapidly  overcoming  forces  pushing  upward. 

At  time  D  gravity  becomes  equal  to  the  other  forces,  the  instantaneous  acceleration  is  zero, 
and  a  velocity  maximum  is  achieved. 

Between  time  D  and  E  the  hull  below  the  LCG  rises  vertically  with  the  velocity 
approaching  another  zero  point.  Gravity  once  again  dominates  the  other  dynamic  forces  and  at 
time  E  another  peak  vertical  displacement  is  achieved,  the  instantaneous  velocity  is  zero,  and 
another  wave  impact  sequence  of  events  begins. 

The  duration  of  the  wave  slam  event  (i.e.,  the  impact  duration)  from  time  B  to  C  is  roughly 
0.15  seconds.  From  time  C  to  D  (approximately  0.45  seconds)  buoyancy  and  hydrodynamic  lift 
forces  dominate  gravity  to  yield  an  upward  force  (i.e.,  positive  acceleration).  From  time  D  until 
the  next  wave  encounter  gravity  dominates  the  other  forces  as  the  hull  moves  above  its  static  and 
planing  draft  line. 
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Time  (ms) 


Figure  6.  Wave  Slam  Sequence  of  Events 


Wave  Slam  Parameters 

Previous  scale-model  impact  testing  by  Chaung  demonstrated  that  individual  wave  slam 
events  are  complex  dynamic  interactions  between  a  speeding  craft  and  a  moving  wave  with 
many  parameters  of  interest,  including  craft  speed,  wave  celerity,  impact  angle  (trim,  dead  rise, 
buttock),  wave  slope  (crest,  trough,  flank),  and  wave  height  (reference  4).  Several  of  these 
parameters  were  observed  to  be  especially  helpful  during  close  inspection  of  the  largest 
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amplitude  peaks  found  in  the  Figure  1  acceleration  record.  Analysis  of  thirty  wave  slams  with 
peak  vertical  accelerations  greater  than  2.0g  identified  five  parameters  useful  for  characterizing 
wave  slam  response  amplitudes  and  pulse  shapes.  Figure  5  illustrates  the  first  three.  The 
significance  of  each  is  described  in  the  paragraphs  that  follow. 

The  red  curve  in  Figure  7  illustrates  the  vertical  acceleration  for  a  single  wave  slam  event, 
and  the  green  curve  is  the  longitudinal  acceleration  (fore-aft).  The  peak  vertical  acceleration  (Az) 
has  historical  significance  as  the  parameter  used  to  characterize  the  maximum  vertical  response 
amplitude.  According  to  Newton’s  second  law  it  is  directly  proportional  to  the  maximum 
instantaneous  load  applied  to  the  hull  during  the  wave  slam  event. 

The  second  vertical  parameter  shown  in  Figure  7  is  the  vertical  transition  acceleration 
(Azt)  that  occurs  at  the  time  when  craft  velocity  crosses  zero  (point  C  in  Figure  5).  At  this  point 
in  time  the  impact  event  is  completed,  the  craft  has  reached  its  maximum  downward  motion,  and 
the  dominant  vertical  forces  acting  on  the  craft  are  due  to  wave  dynamics.  This  value  represents 
the  transition  of  the  acceleration  curve  from  the  wave  impact  period  to  an  ambient  acceleration 
value  that  characterizes  the  beginning  of  the  subsequent  non-impact  period.  In  this  case  the 
vertical  ambient  value  is  dominated  by  wave  hydrodynamics.  In  general  AZT  will  be  referred  to 
as  the  “transition  acceleration”  whose  amplitude  depends  upon  the  impact  sequence  of  events.  It 
is  characteristic  of  the  beginning  of  the  hydrodynamic  phase  just  after  the  impact  event,  and 
tends  to  indicate  whether  the  impact  occurred  on  a  wave  leading  flank,  or  crest,  or  a  trough. 
Larger  values  tend  to  indicate  a  leading  flank  impact,  and  lower  values  tend  to  indicate  a  wave 
trough  impact  or  perhaps  an  impact  on  the  back  side  of  a  wave.  Among  the  thirty  slam  events 
with  peak  vertical  acceleration  greater  than  2.0g,  the  magnitude  of  the  plateau  acceleration  varied 
from  0.085g  to  1.47g.  Figure  8  shows  example  values  greater  than  and  less  than  l.Og. 


Figure  7.  Wave  Slam  Parameters 

The  third  parameter  shown  in  Figure  7  is  the  peak  longitudinal  acceleration  (Ax);  the 
maximum  negative  amplitude  of  the  green  curve.  It  is  always  a  negative  value  that  occurs  within 
milliseconds  after  each  wave  impact.  During  the  wave  impact,  as  the  craft  is  moving  vertically 
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down  in  the  water,  drag  and  added  mass  effects  decelerate  the  forward  motion  of  the  craft;  hence 
the  negative  value.  The  magnitude  of  Ax  is  a  general  indicator  of  tending  to  be  a  skimming 
impact  with  little  deceleration,  or  a  more  plunging  impact  (deeper  depth)  with  larger 
(deceleration)  amplitudes.  The  magnitude  of  the  peak  deceleration  varied  from  0.1 5g  to  1.7g  for 
the  thirty  wave  slam  events  (in  the  Figure  1  time  history)  with  peak  vertical  acceleration  greater 
than  2.0g.  Figure  8  shows  Ax  amplitudes  equal  to  -l.Og  and  greater  than  -l.Og. 

Another  gage  installed  at  the  craft’s  LCG  measured  pitch  rate  in  degrees  per  second.  A  six- 
second  sample  of  its  derivative,  the  angular  acceleration  in  degrees  per  sec2,  is  shown  as  the  red 
curve  in  Figure  9.  The  blue  curve  is  the  longitudinal  acceleration  to  illustrate  the  occurrence  of 
wave  slam  events.  The  angular  acceleration  is  the  fourth  parameter  of  interest  because  it  is  useful 
to  understand  the  sequence  of  events  during  individual  wave  slams.  In  this  investigation  a 
positive  angular  acceleration  indicates  a  “bow-up”  moment  is  rotating  the  bow  upward,  and  a 
negative  value  indicates  a  bow-down  rotation.  The  red  curve  indicates  before  each  wave  slam 
there  is  a  bow  down  moment  (caused  by  gravity  and  perhaps  a  thrust  component)  applied  to  the 
craft,  and  when  impact  occurs  there  is  a  bow-up  moment  applied.  The  fifth  parameter  of  interest 
is  the  pseudo-vertical  drop  height  (H)  in  feet  between  points  A  and  B  shown  in  Figure  7. 

Close  inspection  of  the  five  parameters  led  to  interesting  trends  and  the  ability  to  categorize 
individual  slams  into  one  of  three  categories  depending  upon  the  sequence  of  events  observed  in 
the  slam  event.  Each  slam  category,  labeled  A,  B,  and  C,  are  described  in  the  following  sections. 


Figure  8.  Examples  of  Ax  and  Azt  Values 
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UK>-DT»sli 


Figure  9.  Angular  Acceleration  at  the  LCG 


Type  Alpha  Slam 

Figure  10  illustrates  the  Alpha  slam,  or  type  A.  The  upper  red  curve  shows  that  it  is 
characterized  by  a  -  lg  vertical  free  fall  and  a  negative  longitudinal  acceleration  (green  curve)  just 
before  wave  impact.  The  fore-aft  (longitudinal)  positive  acceleration  spike  seen  in  the  green 
curve  indicates  a  force  pushes  forward  on  the  LCG  briefly  at  the  beginning  of  the  impact.  The 
lower  red  curve  shows  a  short  duration  negative  angular  acceleration  spike  (bow-down  moment 
while  the  longitudinal  acceleration  spike  occurs)  followed  rapidly  by  a  positive  angular 
acceleration  (bow-up  moment).  Eight  of  the  thirty  slams  observed  in  the  Figure  1  record  with 
vertical  peaks  greater  than  2g  were  Alpha  slams. 

All  of  the  Type  Alpha  slams  (except  for  one)  are  also  characterized  by  a  precursor  wave 
encounter  that  is  a  non-slam  (non-violent)  event.  This  is  illustrated  in  Figure  1 1  where  there  is  a 
small  perturbation  at  the  141  second  time  that  indicates  a  low  amplitude  wave  impact,  but  the 
majority  of  the  response  is  dominated  by  smooth  shapes  due  to  hydrodynamic  and  buoyancy 
forces  pushing  up  on  the  craft.  The  very  low  Ax  value  (green  curve)  associated  with  the  non¬ 
slam  event  tends  to  indicate  a  wave  skimming  (or  planning)  wave  encounter. 

The  data  in  Figures  10  and  1 1  suggest  the  following  plausible  description  of  the  Type 
Alpha  slam  sequence  of  events.  The  long  duration  of  the  upward  force  in  the  precursor  wave 
contributes  to  a  launch  and  free  fall  sequence  of  events.  A  stern-first  water  entry  causes  a  brief 
bow  down  moment,  which  in  turn  introduces  the  forward  acceleration  spike,  followed  by  impact 
with  the  incoming  wave  that  causes  the  bow-up  moment  and  the  sharp  rise  in  vertical 
acceleration. 
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Figure  10.  Type  Alpha  Slam  Sequence  of  Events 


Figure  1 1 .  Type  Alpha  Precursor  Non-Slam  Event 
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Type  Bravo  Slam 

The  Bravo  Slam,  or  Type  B,  is  similar  to  the  Alpha  Slam,  but  there  is  no  indication  of  a 
stern-first  impact.  Eighteen  of  the  thirty  wave  slams  with  vertical  peak  acceleration  greater  than 
2.0g  were  Bravo  slams. 

As  shown  in  Figure  12,  the  pre-impact  period  is  characterized  by  a  -1.0  g  vertical 
acceleration  (or  close  to  it),  a  negative  longitudinal  acceleration,  and  insignificant  angular 
acceleration  (close  to  zero)  just  prior  to  impact.  This  is  consistent  with  a  sequence  of  events 
described  as  a  free  fall  event  with  loss  of  thrust  and  little  or  no  bow-down  rotation  when  the  keel 
impacts  the  water. 


Figure  12.  Type  Bravo  Wave  Slam  Sequence  of  Events 


Type  Charlie  Slam 

The  third  Type  C  category,  or  Charlie  wave  slam,  is  shown  in  Figure  13.  In  the  upper  plot 
the  green  curve  shows  there  is  a  small  positive  longitudinal  acceleration  that  indicates  continuous 
thrust  before  the  impact.  Fike  the  Bravo  slam  there  is  no  longitudinal  acceleration  spike  (no 

12 


NSWCCD-23-TM-20 12/05 


stern-first  impact).  In  the  lower  red  plot  the  small  negative  angular  rotation  indicates  a 
continuous  bow-down  moment  before  the  impact,  which  is  consistent  with  the  negative  vertical 
acceleration  in  the  upper  red  curve. 

The  sequence  of  events  indicates  the  energy  of  the  impact  is  due  primarily  to  the  relative 
horizontal  velocity  between  the  craft  and  the  incident  wave,  and  has  little  to  do  with  significant 
vertical  drop  at  the  LCG.  Prior  to  the  slam  there  is  forward  thrust  and  a  small  bow  down 
moment,  but  there  is  no  free-fall  event  prior  to  the  slam.  Only  four  of  the  thirty  slams  with  peak 
vertical  accelerations  greater  than  2.0g  were  Charlie  slams. 


Figure  13.  Type  Charlie  Wave  Slam  Sequence  of  Events 


The  Charlie  slam  is  also  characterized  by  the  lowest  amplitude  peak  vertical  accelerations 
(2.  lg  to  2.6g).  Alpha  and  Bravo  slams  on  the  other  hand  have  peak  vertical  accelerations  greater 
than  3.0  g,  ,most  likely  due  to  the  potential  energy  of  the  free  fall  or  large  bow  down  rotations 
just  prior  to  impact. 
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Table  1  provides  a  list  of  characteristics  for  all  thirty  wave  slam  events  with  vertical  peak 
accelerations  greater  than  2.0g.  The  common  distinguishing  features  of  the  Alpha,  Bravo,  and 
Charlie  wave  slams  demonstrate  the  repeatability  of  the  three  distinct  sequences  of  events. 

The  comment  section  in  Table  1  provides  a  summary  of  the  relative  amplitudes  of  AZt  and 
Ax  values  for  each  wave  slam.  While  the  details  are  provided  in  Appendix  A,  in  summary,  it  is 
observed  that  the  peak  vertical  accelerations  of  the  Alpha  and  Bravo  slams  follow  strong  linear 
trends  with  the  drop  height  parameter,  H,  so  long  as  Ax  <  1  -3g  and  AZt  <  1  -0g.  These  results  are 
described  in  the  next  section. 


Table  1.  Wave  Slam  Characteristics 


Impact  Event 

Pre-impact  Conditions 

Comment 

Slam 

Type 

Az(g) 

(1)  Negative 
Fore/aft 
Acceleration 

(2)  Positive 
fore/aft 
acceleration 
spike 

(3)  Increased 
bow  down 
angular 
acceleration 

(4) 

Pitch  Rate 
Continuous 

(5) 

Negative 
1g  Free 
Fall 

<6) 

Previous 

Wave 

Encounter 

221 

A 

5.31 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Medium  Ax  and  Azt 

185 

A 

3.96 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Large  Ax  and  Azt 

14 

A 

3.61 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Medium  Ax  and  Azt 

75 

A 

3.46 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Medium  Ax  and  Azt 

179 

A 

3.24 

Yes 

No 

No 

Yes 

Yes 

No  slam 

Medium  Ax  and  Azt 

142 

A 

3.21 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Low  Azt 

50 

A 

2.07 

Yes 

Yes 

Yes 

No 

Yes 

Slam 

Low  Azt 

147 

A 

2.65 

Yes 

Yes 

Yes 

No 

Yes 

No  slam 

Low  Ax  and  Azt 

196 

B 

4.59 

Yes 

No 

No 

Yes 

No 

Slam 

Medium  Ax  and  Azt 

193 

B 

3.96 

Yes 

No 

No 

Yes 

Yes 

No  slam 

Outlier  due  to  large  Azt  and  Ax 

129 

B 

3.82 

Yes 

No 

No 

Yes 

Yes 

Slam 

Medium  Ax  and  Azt 

222 

B 

3.19 

Yes 

No 

No 

Yes 

No 

Slam 

Medium  Ax  and  Azt 

66 

B 

3.17 

Yes 

No 

No 

Yes 

No 

Slam 

Outlier  due  to  large  Ax 

19 

B 

2.79 

Yes 

No 

NO 

Yes 

Yes 

No  slam 

Medium  Ax  and  Azt 

207 

B 

2.62 

Yes 

No 

NO 

Yes 

No 

No  slam 

Large  Azt  correlates  with  type  A 

160 

B 

2.63 

Yes 

No 

No 

Yes 

No 

No  slam 

Outlier  due  to  large  Ax  and  Azt 

161 

B 

2.63 

Yes 

No 

No 

Yes 

No 

Slam 

Large  Ax  correlates  with  type  A 

16 

B 

2.39 

Yes 

No 

No 

Yes 

Yes 

Slam 

Large  Ax  and  Azt  correlates  with  type  A 

110 

B 

2.36 

Yes 

No 

No 

Yes 

Yes 

Slam 

Low  Azt  correlates  with  type  A 

32 

B 

2.34 

Yes 

No 

No 

Yes 

Yes 

Slam 

Large  Ax  correlates  with  type  A 

30 

B 

2.3 

Yes 

No 

No 

Yes 

Yes 

No  slam 

Low  Ax  and  Azt  correlates  with  type  A 

128 

B 

2.28 

Yes 

No 

No 

Yes 

Yes 

No  slam 

Large  Ax  and  Azt  correlates  with  type  A 

217 

B 

2.16 

Yes 

No 

No 

Yes 

Yes 

Slam 

Medium  Ax  and  Azt  correlates  with  type  A 

166 

B 

2.12 

Yes 

NO 

No 

Yes 

No 

Slam 

Large  Ax  correlates  with  type  A 

94 

B 

2.1 

Yes 

No 

No 

Yes 

Yes 

Slam 

Outlier  due  to  large  Azt  and  Ax 

196 

C 

2.6 

No 

No 

No 

No 

No 

Slam 

Outlier  due  to  large  Ax 

188 

C 

2.32 

No 

No 

No 

Yes 

No 

No  slam 

Outlier  due  to  large  Ax 

119 

C 

2.25 

No 

No 

No 

Yes 

No 

No  slam 

Large  Ax  correlates  with  type  A 

172 

C 

2.15 

No 

No 

No 

Yes 

No 

Slam 

Large  Ax  correlates  with  type  A 

99 

C 

2.01 

No 

No 

No 

Yes 

No 

No  slam 

Outlier  due  to  large  Azt  and  low  Ax 

Table  2  presents  a  list  of  peak  vertical  acceleration  (Az),  vertical  drop  height  (H),  the 
plateau  acceleration  (AZt),  and  the  peak  longitudinal  (fore-aft)  acceleration  (Ax)  for  all  thirty 
wave  slams.  Data  is  listed  by  slam  type  from  highest  peak  vertical  acceleration  to  the  lowest.  The 
slam  number  identifies  the  individual  slams  with  an  integer  value  close  to  the  time  in  seconds 
when  the  slam  occurred.  For  example  Slam  22 1  is  observed  at  the  22 1  second  time  in  the 
acceleration  time  history.  Green  indicates  the  eight  Alpha  slams  that  follow  the  linear  trend.  Blue 
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identifies  the  four  Bravo  slams  that  follow  the  linear  trend.  Seven  Bravo  and  Charlie  slams 
highlighted  in  pink  have  AZT  and  Ax  values  that  exceed  the  extreme  value  limits.  Their  peak 
vertical  accelerations  do  not  follow  the  linear  trends,  so  they  are  considered  outliers  when 
compared  to  the  other  slams.  Several  low-amplitude  Bravo  slams  highlighted  in  yellow  follow 
trends  similar  to  Charlie  slams  due  to  large  Azt  and/or  large  Ax  values.  See  Appendix  A  for 
additional  infonnation  on  these  two  parameters. 


Table  2.  Wave  Slam  Parameters 


Type 

Slam 

H 

feet 

H  H 1  3 

Azt 

g 

Ax 

g 

Az 

g 

A 

221 

6  00 

1.364 

0.69 

0.60 

5.31 

A 

14 

3.25 

0.739 

0.69 

0.80 

3.61 

A 

185 

4.66 

1.059 

1 .00 

1.30 

3.96 

A 

75 

3.39 

0.770 

0.71 

0.75 

3.46 

A 

179 

3.00 

0.682 

0.83 

0.60 

3.24 

A 

142 

2.04 

0.464 

0.25 

0.60 

3.21 

A 

147 

1.50 

0.341 

0.35 

0.15 

2.65 

A 

Id 

1 .04 

0.236 

0.09 

0.56 

2.07 

B 

196 

4.08 

0.927 

0  58 

0.50 

4.59 

B 

193 

2.04 

0.368 

1.47 

0.60 

3.96 

outlier 

B 

129 

3.31 

0  707 

0  77 

0  70 

3.82 

B 

222 

1  29 

0.293 

0  71 

1.00 

3.19 

B 

66 

2.83 

0.644 

0.74 

1 .30 

3.17 

outlier 

El 

19 

0  71 

0.161 

0  62 

1.18 

2.79 

B 

207 

1 .69 

0.384 

0.61 

0.92 

2.62 

B 

160 

1 .37 

0.311 

1.19 

1.33 

2.53 

outlier 

B 

161 

2.20 

0.500 

0.82 

1.44 

2.53 

B 

15 

1.84 

0.418 

1.03 

1.12 

2.39 

B 

110 

1.45 

0.330 

0.15 

0.74 

2.36 

B 

32 

1.92 

0.436 

0.89 

0.87 

2.34 

B 

30 

1.54 

0.350 

0.29 

0.44 

2.3 

B 

128 

1 .62 

0.368 

0.93 

1.27 

2.28 

B 

217 

1 .99 

0.452 

0.63 

0.56 

2.15 

B 

166 

0.75 

0.170 

0.74 

0.90 

2.12 

B 

94 

1.97 

0.448 

1 .33 

1.00 

2.1 

outlier 

B 

99 

1 .50 

0.341 

0.44 

1.38 

2.01 

outlier 

C 

195 

1 .04 

0.236 

1 .53 

1.72 

2.6 

outlier 

C 

188 

2.37 

0.539 

0.78 

1.41 

2.32 

outlier 

C 

119 

0.91 

0.207 

0.67 

1.38 

2.25 

C 

172 

1.13 

0.257 

0.66 

0.98 

2.15 
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Peak  Vertical  Acceleration  Trends 


Linear  Regression 

Figure  14  shows  that  within  wave  slam  Alpha  and  Bravo  categories  there  are  clear  linear 
trends  with  the  drop  height  (H)  parameter  when  Ax  <  1.3g  and  Azt  <  l.Og  (correlation 
coefficients  greater  than  0.93).  The  lower  amplitude  Charlie  wave  slams  (including  lower 
amplitude  Bravo  slams  identified  in  Table  2)  show  only  slight  correlation  with  drop  height.  This 
result  is  not  surprising  in  light  of  the  Charlie  slam  sequence  of  events  dominated  by  forward 
motion  and  vertical  acceleration  due  to  wave  impact.  Clearly,  the  Alpha  and  Bravo  slam 
sequence  of  events  is  dominated  by  the  pre-impact  free  fall  or  bow-down  rotation  events.  The 
combination  of  forward  momentum  (kinetic  energy)  and  free  fall  (potential  energy)  results  in 
higher  energy  impacts  with  subsequent  larger  peak  vertical  acceleration  values.  It  appears  the 
Alpha  slams  have  lower  peak  vertical  accelerations  due  to  the  stern-first  impact. 


Figure  14.  Peak  Vertical  Acceleration  Linear  Trends 

There  are  seven  Bravo  and  Charlie  slam  outliers  that  are  not  plotted  in  Figure  14.  Their 
status  as  an  outlier  is  clearly  shown  to  be  related  to  extreme  values  of  Ax  >  1.3g  and/or  AZT 
>1.0g.  It  appears  the  low  amplitude  Bravo  slams  identified  in  Table  2  acted  more  like  Charlie 
slams  due  to  large  AZT  and/or  large  Ax  values.  Additional  discussions  related  to  Ax  and  AZT 
values  and  angle  of  impact  variation  are  presented  in  Appendix  A. 
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Wave  Slam  Pulse  Shapes 

The  repeatable  nature  of  the  large  amplitude  wave  slams  are  demonstrated  by  the  shape  of 
the  acceleration  pulses  during  the  impact  period.  Figure  15  presents  eight  representative  wave 
slams  from  Table  2  with  expanded  time  scales  to  show  the  impact  period  and  the  hydrodynamic 
plateau.  Each  was  normalized  by  dividing  by  the  peak  value  so  that  the  maximum  is  lg.  The  left 
plot  shows  five  Alpha  and  Bravo  wave  slams  having  original  peak  values  from  3.  lg  to  3.8g. 
Three  more  slams  (Alpha  and  Bravo)  with  original  peaks  of  1.9  g,  4.5g,  and  5.3g  are  compared 
in  the  plot  on  the  right.  The  fourth  red  curve  on  the  right  is  the  average  of  the  five  curves  on  the 
left.  In  general  the  wave  slam  events  (time  B  to  C  in  Figure  3)  rise  from  zero  to  a  maximum  in  50 
to  80  msec,  and  have  a  total  duration  on  the  order  of  200  msec  or  less. 


Figure  15.  Normalized  Wave  Slam  Pulse  Shapes 

The  good  correlation  illustrates  the  repeatability  of  the  Alpha  and  Bravo  wave  slam  events 
and  suggests  that,  while  the  energies  associated  with  each  incident  wave  may  be  random,  the 
response  of  the  craft  to  individual  slams  when  Ax  <  1.3g  and  AZT  <  l.Og  is  repeatable  and 
scalable  with  amplitudes  being  a  function  of  initial  conditions  just  prior  to  each  slam  event. 

Scaling  Relationship 

The  linear  curves  in  Figure  14  clearly  demonstrate  that  the  peak  accelerations  can  be 
obtained  by  use  of  a  scaling  relationship  for  pseudo-drop  heights  H;  and  Hj.  For  values  of  H 
normalized  by  dividing  by  the  significant  wave  height,  it  can  be  shown  that: 


where: 


4*  =(tf,+A) 

-4,  (H,+ A) 


Equation  (3) 


Acg  -  peak  vertical  acceleration  at  LCG 

H  -  drop  height  prior  to  slam  /  Hl/3 

Hl/3  -  average  of  l/3rd  highest  wave  heights 


17 


NSWCCD-23-TM-20 12/05 


The  constant  delta  in  equation  (3)  is  0.68  for  Type  Alpha  slams,  and  1.13  for  Type  Bravo 
slams. 

The  ability  to  compute  peak  vertical  acceleration  for  a  craft  operating  at  a  constant  speed  as 
a  function  of  pseudo-drop  height  adds  new  deterministic  information  to  the  existing  statistical 
information.  The  information  extracted  from  the  original  240-second  acceleration  time  history  by 
statistical  methods  includes  the  RMS  baseline  value,  the  computed  average  of  the  highest  l/nth 
acceleration  peak  values,  the  peak  acceleration  histogram,  and  the  probability  distribution.  The 
new  deterministic  information  expands  the  knowledge  extracted  from  an  acceleration  record 
including  the  scaling  relationship  to  interpolate  or  extrapolate  peak  accelerations  for  individual 
slams  of  different  pseudo-drop  heights  for  a  given  craft  speed. 

Parametric  Trends 

Analyzing  complex  data  that  has  been  subjected  to  a  10  Hz  low  pass  filtering  process  (to 
better  estimate  rigid  body  response  motions)  makes  necessary  a  simplifying  assumption:  trends 
may  be  observed,  but  not  all  data  will  fit  the  trends.  It  is  a  challenge  for  the  analyst  to  find  the 
trends  and  identify  if  possible  physical  explanations  for  why  outliers  do  not  fit  the  trend.  A 
second  assumption  is  often  helpful:  trends  manifest  themselves  better  and  with  less  scatter  for 
larger  amplitude  data  (higher  energy)  than  for  lower  amplitude  data. 
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Figure  16.  Ax  versus  Azt  Wave  Slam  Parameters 


Figure  16  shows  a  plot  of  Ax  versus  Azt  values  for  all  thirty  wave  slams  in  the  original  240 
second  acceleration  record  with  peak  vertical  accelerations  (rigid  body  estimates)  greater  than 
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2.0g.  The  data  points  are  labeled  Type  Alpha,  Bravo,  and  Charlie  slams  according  to  the 
observed  sequence  of  events.  The  parameter  AZT  is  of  interest  because  it  tends  to  indicate  if  a 
wave  impact  occurred  on  the  crest,  flank,  or  trough  of  an  incident  wave.  Lower  values  would 
tend  to  indicate  an  impact  in  a  wave  trough  or  the  back  side  of  a  wave  (when  net  positive 
hydrodynamic  and  buoyant  forces  are  smallest),  and  increasing  values  would  tend  to  indicate  an 
impact  on  the  leading  flank  or  crest  of  a  wave.  The  parameter  Ax  is  of  interest  because  it  tends  to 
indicate  a  skimming  impact  for  lower  values,  or  a  deeper  plunging  impact  for  larger  values.  Type 
Alpha  and  Bravo  wave  slams  have  been  described;  the  Type  B  and  C  subset  will  be  discussed  in 
a  following  section. 

The  general  observation  identifies  several  data  points  in  the  lower  left  comer  of  the  plot 
characterized  by  skimming  and  trough  or  trailing  flank  impact  conditions.  There  is  a  larger  data 
population  in  the  center  of  the  plot  roughly  outlined  by  the  dashed  red  lines,  and  there  are  several 
data  points  to  the  right  of  AZt  equal  to  l.Og,  and  above  Ax  equal  to  1.1 5g.  All  type  Alpha  and 
Bravo  wave  slams  with  Az  >  3.0g  that  exhibit  linear  trends  have  AZT  <  1 .0g  and  Ax  <  1 .3g.  This 
suggests  that  linear  trends  are  observed  for  sequences  of  events  characterized  by  wave  impacts 
on  the  crest  or  on  the  trailing  flank  of  a  wave,  and  the  impact  is  not  one  of  the  deeper  plunging 
impacts. 

The  angle  of  incidence  is  another  impact  parameter  identified  by  Chaung  (reference  4).  The 
magnitudes  of  vertical  peak  acceleration  Az  and  longitudinal  peak  acceleration  Ax  are  used  as 
vector  indicators  in  Figure  17  to  estimate  angle  of  impact  trends.  All  thirty  data  points  are 
included  in  the  plot,  but  Type  Alpha  slam  data  is  highlighted  by  the  circle  and  square  symbols  to 
illustrate  an  interesting  trend. 
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Figure  17.  Type  Alpha  Wave  Slam  Trends 
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Six  of  the  eight  Type  Alpha  slams  plotted  as  circles  indicate  that  Az  increases  as  the 
amplitude  of  Ax  increases.  This  is  illustrated  in  the  lower  left  corner  of  the  plot  to  show 
increasing  vector  amplitudes  in  both  directions.  This  suggests  a  trend  where  the  impact  angle 
does  not  change  significantly  regardless  of  drop  height  (H)  during  the  free  fall  event.  Figure  18 
illustrates  the  opposite  trend. 

In  Figure  18  Type  Bravo  slams  with  medium  values  of  AZT  (0.58g  to  0.76g)  are  plotted  as 
circles.  The  trend  indicates  that  Az  decreases  as  the  amplitude  of  Ax  increases.  This  trend  is 
illustrated  in  the  lower  left  comer  of  the  plot  and  shows  that  the  angle  of  impact  is  tending  to 
change  more  significantly  than  the  Type  Alpha  slams  shown  in  Figure  17. 


Figure  18.  Type  Bravo  and  Charlie  Wave  Slam  Trends 

Another  interesting  trend  involves  the  four  Charlie  slams  and  seven  Bravo  slams,  plotted  as 
triangles.  All  have  low  peak  vertical  accelerations  (Az)  less  than  2.6g.  The  value  of  Az  is 
relatively  constant  as  the  amplitude  of  Ax  increases.  The  seven  outlier  data  points  with  AZ  |  or 
Ax  greater  than  1.3g  are  plotted  as  squares. 

The  trends  are  interesting,  but  additional  data  analysis  is  required  to  identify  more  clearly 
the  effect  of  the  angle  of  impact.  Further  evidence  of  strong  trends  related  to  the  vertical  and 
longitudinal  partitioning  of  impact  energy  is  illustrated  in  Figure  19. 

The  ratio  of  vertical  to  longitudinal  peak  accelerations  is  an  indicator  of  the  energy 
distribution,  or  partitioning,  in  the  different  directions  (vertical  and  fore-aft).  The  strong  trends 
shown  in  Figure  19  demonstrate  further  that  the  three  types  of  wave  slams  involve  different 
physical  sequences  of  events  and  energy  partitioning.  The  solid  black  line  is  an  exponential  trend 
for  the  four  Bravo  slams  with  medium  AZT  and  Ax  values.  The  Alpha  slam  data  also  follows  this 
trend  well.  All  of  these  data  points  involve  free  fall  events  or  a  large  bow  down  angular  rotation 
prior  to  impact. 
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The  subset  of  seven  Bravo  slams  and  four  Charlie  slams  with  Az  less  than  2.6g  is  shown  by 
the  yellow  triangles.  This  data  is  also  well  defined  by  an  exponential  trend. 


0  0.5  1  1.5  2 

Ax  (g) 


Figure  19.  Impact  Energy  Partitioning 

The  Bravo  slam  trend  line  in  Figure  19  is  given  by  the  following  equation  with  a  0.9909 
correlation  coefficient. 


—  =  23.192e_1'9647^ 

A 


Equation  (4) 


The  trend  line  for  the  eleven  low  amplitude  Bravo  and  Charlie  slams  (yellow  triangles)  is 
given  by  the  following  equation  with  a  0.9287  correlation  coefficient. 


l.\51e~l015Ax 


Equation  (5) 
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Observations 

The  high-speed  craft  vertical  and  longitudinal  acceleration  data  presented  in  this  report 
indicates  that  within  each  slam  subset  (Type  Alpha,  Bravo,  Charlie),  the  data  may  be  able  to  be 
partitioned  further  to  identify  impact  conditions  that  range  from  (1)  a  skimming  (planing)  impact 
to  a  more  plunging  (more  severe)  impact  based  on  Ax  values,  and  (2)  from  impacts  on  a  wave 
trailing  flank  (or  trough)  to  a  more  severe  impact  on  the  leading  flank  (or  wave  crest)  based  on 
Azt  values.  It  is  interesting  to  note  that  the  peak  vertical  accelerations  for  the  outlier  impacts  (Ax 
>1.3g  and  AZT  >1.0g)  do  not  exceed  the  largest  peak  vertical  accelerations  for  the  non-outlier 
data  points.  For  example,  the  largest  outlier  acceleration  is  3.96g  (Slam  193B),  but  the  non¬ 
outlier  (linear  trend)  accelerations  for  Alpha  and  Bravo  slams  are  as  high  as  5.39g  and  4.59g. 
This  indicates  the  largest  vertical  accelerations  occur  in  the  non-outlier  data,  therefore  using  the 
non-outlier  data  encompasses  the  full  range  of  vertical  accelerations  from  smallest  (in  this  case 
limited  to  2g)  to  the  largest  peak  accelerations.  Omitting  outlier  data  based  on  Xg  and  Ig  values 
does  not  therefore  omit  important  high- amplitude  slam  events.  The  outlier  data  points  tend  to 
have  ratios  of  Acg/  Ax  less  than  2.5,  while  the  linear  trending  Alpha  and  Bravo  slams  have  ratios 
greater  than  2.5.  The  linear  trending  data  corresponds  to  more  energy  partitioning  in  the  vertical 
direction  (and  thus  better  correlation  with  pseudo-drop  height),  while  the  outliers  tend  to 
correspond  to  impacts  where  more  energy  is  distributed  in  the  fore-aft  direction  upon  impact 
(i.e.,  less  energy  in  the  vertical  direction,  thus  little  or  no  correlation  with  pseudo-drop  height). 

The  results  presented  in  this  report  are  intended  to  convey  an  approach  to  analyzing 
individual  wave  slam  events.  It  conveys  a  process  focused  on  understanding  acceleration  record 
frequency  content,  understanding  rigid  body  motions  of  the  craft,  and  understanding  how  one 
acceleration  record  could  be  thought  of  as  a  sequence  of  many  wave  slam  events  where  each 
wave  slam  can  be  analyzed  as  a  single  test  event.  Once  the  individual  elements  are  evaluated,  the 
process  then  combines  common  wave  slam  events  based  on  physical  properties,  and  synthesizes 
data  trend  results.  While  the  approach  has  been  applied  to  more  than  one  data  set,  it  is  still  too 
early  to  report  broad  results.  The  intent  is  therefore  to  focus  on  the  process  to  stimulate  further 
discussion  and  further  research,  as  opposed  to  stating  broad  conclusions  on  high-speed  planing 
craft  responses  in  significant  seas. 
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Conclusions 

The  typical  accelerometer  data  presented  in  this  report  shows  how  high  speed  planing  craft 
may  encounter  waves  over  a  broad  range  of  shapes  and  amplitudes  that  vary  randomly  in  time 
depending  upon  environmental  conditions.  The  deterministic  analysis  approach  presented  in  this 
report  suggests  that  the  peak  accelerations  of  the  craft  induced  by  wave  impacts  may  not  be 
random  responses.  By  categorizing  individual  wave  slams  into  subsets  that  depend  upon  the 
wave  impact  sequence  of  events  (Type  Alpha,  Bravo,  Charlie),  it  appears  possible  to  identify 
subset  trends  where  peak  acceleration  responses  can  be  shown  to  be  repeatable  and  scalable. 
These  results  suggest  that  while  each  wave  is  unique  and  random,  the  dynamic  response  of  a 
high-speed  planing  craft  to  wave  impact  is  not  random. 

The  wave  slam  subsets  observed  in  the  typical  acceleration  time  history  presented  in  this 
report  are  defined  as  Type  Alpha  slams,  Type  Bravo  slams,  and  Type  Charlie  slams.  The  Type 
Alpha  slam  includes  a  stem-first  impact  after  a  free-fall  event.  The  Type  Bravo  slam  includes  a 
free  fall  event  and/or  a  non-free-fall  with  a  substantial  bow-down  rotation  prior  to  keel  impact. 
The  Type  Charlie  slam  is  primarily  a  forward  thrust  into  an  incident  wave  with  insignificant 
bow-down  rotation  or  free-fall  prior  to  impact. 

The  pseudo-drop  height  (H)  is  one  of  five  parameters  found  useful  for  characterizing 
individual  wave  slam  responses.  The  other  four  include  peak  vertical  acceleration  (az),  peak 
longitudinal  acceleration  (Ax),  wave  plateau  acceleration  (AZt),  and  angular  acceleration.  For  the 
data  presented  in  this  report,  peak  rigid  body  acceleration  values  trend  linearly  with  pseudo-drop 
height  (H)  for  values  of  Ax  <  1  -3g  and  AZT  <  1 .0g. 

The  detenninistic  data  analysis  approach  presented  in  this  report  may  provide  valuable 
information  that  expands  the  knowledge  extracted  from  acceleration  responses  of  high-speed 
planing  craft  in  waves.  It  provides  a  physics-based  approach  to  understanding  wave  slam  load 
and  craft  response  mechanisms  that  may  have  multiple  potential  applications,  including  hull 
strain  correlation  with  loads,  craft  ride  severity  comparisons  for  equipment  and  crew  comfort 
studies,  computer  simulation  correlation  and  validation,  and  new  approaches  to  static  “G”  hull 
design. 
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Symbols,  Abbreviations,  and  Acronyms 


Ai/n . 

Az . 

Ax  or  Xg.. 
Azt  or  Ig .. 
Bw  or  b  .... 

Peg  . 

C  or  A . 

CCD . 

ft . 

fps . 

g . 

Hi/3  or  hi/3 

H . 

Hz . 

L . 

LCG . 

msec . 

N  or  M . 

R2 . 

RMS . 

t  Trim 
V . 


. Average  Peak  Vertical  Acceleration  at  LCG 

. Average  of  the  l/nth  Highest  Peak  Acceleration 

. Peak  Vertical  Acceleration 

. Peak  Longitudinal  Acceleration 

Wave  Plateau  Acceleration,  or  Ambient  Transition  Acceleration 

. Beam  at  Waterline 

. Deadrise  at  Craft  LCG 

. Constant 

. Combatant  Craft  Division 

. Feet 

. Feet  per  Second 

. 32.2  ft/sec"  Acceleration  due  to  gravity 

. Significant  Wave  Height 

. Pseudo  Vertical  Drop  Height 

. Hertz 

. Craft  length  or  length  of  Beam  Element 

. Longitudinal  Center  of  Gravity 

. Milliseconds 

. Number  of  Wave  Impacts 

. Least  Squares  Correlation  Coefficient 

. Root  Mean  Square 

. Craft  Average  Speed 
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